Abstract -The study of the natural convection flow and heat transfer from hot surfaces in a porous medium has been of considerable interest in energy-related engineering problems. This paper is concerned with the free convection heat transfer over an arbitrary hot surface in a porous medium. It is assumed that the fluid and solid phases are not in local thermal equilibrium and therefore a two-temperature model of heat transfer is applied. The coupled momentum and energy equations are used and transformed into ODE's. The similar equations obtained are solved numerically and the local heat flux is shown for three types of axisymmetric shapes, i.e., a vertical plate, horizontal cylinder and sphere. The results have also been validated with the available results in the literature; which show that our assumptions and numerical method are accurate. Mathematical derivation of a similarity solution for an arbitrary geometry in the heat transfer analysis is the main novelty of the present study.
INTRODUCTION
The study of the natural convection flow and heat transfer from hot surfaces in a porous medium has been of considerable interest in energy-related engineering problems for many decades. A pioneering study by Cheng and Minkowycz (1977) investigated convection induced by a hot vertical surface. The great majority of papers which have studied such problems usually have adopted a single field equation for the temperature field of the porous medium. But a very recent work has been concerned with relaxing the assumption that the local temperatures of the solid and fluid phases are equal. A simple example where this situation might arise is when a hot fluid is suddenly injected into a cold porous medium, and it takes time for the mean temperatures of the phases at any chosen point to tend towards the same value; see for example Rees et al. (2008) and Rees and Bassom (2010) . Furthermore, such a lack of local thermal equilibrium is not confined to unsteady configurations. Steady state examples include cavity convection studied by Baytaş and Pop (2002) and Mohamad (2000) , Darcy-Bénard convection by Combarnous and Bories (1974) and Banu and Rees (2002) and the local thermal non-equilibrium analogue of the vertical boundary layer of Cheng and Minkowycz (1977) by Rees and Pop (2000) and Rees (2003) . In all of these cited papers, local thermal non-equilibrium is modeled by two separate equations of heat transport, one for the fluid phase and one for the solid phase. The interstitial transfer of heat between the phases is modeled macroscopically by a simple source/sink term which is proportional to the local temperature difference between the phases. Reviews of these matters may be found in Kuznetsov (1998) and Rees and Pop (2005) . Free convection heat transfer over a vertical cylinder with variable surface temperature distributions in a porous medium was also analyzed by Shakeri et al. (2012) . The authors assumed that the fluid and solid phases are not in local thermal equilibrium.
In the present paper we consider the combined effects of local thermal non-equilibrium (LTNE), and buoyancy due to the presence of variations of the temperature on buoyancy-induced flow from an arbitrary shape surface. The similarity solutions have to be solved numerically, and this forms the focus of the present paper. Our work extends the previous papers by Cheng and Minkowycz (1977) and Bagai (2003) . The important novelty of this study is the similarity solution in the case of the Thermal NonEquilibrium assumption in the porous medium, which has not been considered completely in the literature.
ANALYSIS
Consider the boundary layer flow due to free convection from an arbitrary surface embedded in a porous medium (see Figure 1) . Let , x y be the Cartesian coordinates along and normal to the surface, respectively, and , u v the corresponding velocity components. Under the above assumption, the continuity equation is as follows (Bagai (2003) , Nakayama and Koyama (1987) ):
It is assumed that the x-component of velocity, i.e. u, is the dominant component; then by using the Boussinesq approximation and the assumptions of boundary layer, one can rewrite the equations for free convection in curvilinear system as follows (Bagai (2003) , Nakayama and Koyama (1987) 
where ε is the porosity, K is the permeability of the porous media, k f and k s are thermal conductivity of fluid and solid phases, '' q is the internal heat generation in the solid phase, β is the coefficient of thermal expansion and h is the interstitial heat transfer coefficient between the solid and fluid phases. In Eq. (1), the parameter * r can be defined as, The gravity in this geometry can be defined as:
where g is total gravity and x g is the local gravity in the boundary layer. The physical boundary conditions are also given by:
The following expressions (i.e., stream function and non-dimensional temperature) are defined to transform the governing equations:
( , )
where T is applicable for both fluid/solid phases.
w T Δ and η can be expressed as:
The new parameters are defined as:
The physical velocities can be related to the stream function as follows:
The velocity components as well as temperature derivations can be obtained as follows:
By using the above mentioned equations, the transformed governing equations are (see Appendix A for the detailed derivations):
where n is defined as:
To obtain the similarity solution, the convective heat transfer coefficient (h) and heat source in the solid phase ( ''' q ) are now defined as:
The transformed boundary conditions are:
When the values of f x
are small, the right hand side of equation (21) may be neglected and the governing equations can be obtained as:
1 2 Equation (27) is obtained by integration of equation (20) under the boundary conditions specified by Eq. (26). eff k is also the fluid-to-solid conductivity ratio as:
Now, we can define the new parameter ξ as:
By considering Equations (11), (23) and (31), and assuming 
In the above equation,
In other words, to have a similarity solution, the temperature changes around the surface should be defined as an expansion function:
The coupled equations can be solved numerically. Thus, the transformed governing equations and the associated boundary conditions are solved by means of the 4 th order Runge-Kutta method along with the Shooting Method technique (see: Burden and Faires (2010) , is achieved. The correct selection of η max is important to ensure that: i) the boundary layer remains within the computational domain; ii) the selection of the distance from the surface for applying the infinity boundary does not affect the calculated results such as wall shear stress and the Nusselt number. Thus, the solution (such as the boundary layer) should asymptotically tend to zero at large values of η.
GEOMETRICAL STATEMENT: SPECIAL CASES
Various surface geometries with different thermal boundary conditions are considered as follows, considering Eq. (31):
where
, r is the radius of the cylinder or sphere, and x is the distance from the stagnation point. The local surface heat flux is calculated as:
and the dimensionless local heat flux is defined as:
where wr T is the wall ambient temperature difference at the trailing edge or the rear stagnation point and r L is the reference length. Equation (38) for the aforementioned geometries, described by Eqs. (34)-(36), can be written as follows: 
VALIDATION
When eff k is infinite, it means that the porous medium is in the equilibrium condition. In this condition, the value of (1 ) f s k k ε ε >> − and therefore the fluid and solid phases are in the thermal equilibrium condition. A validation study was done by comparing the numerical results with those presented by Cheng and Minkowycz (1977) . In this reference, the authors investigated a vertical plate in a porous medium in the case of the thermal equilibrium condition. By choosing a large value for eff k , the thermal equilibrium condition is clearly satisfied. The related calculations are presented in Table 1 . According to the results, which are shown in the table; our solution methods as well as the numerical assumptions are accurate. The results were also checked with those presented by Bagai (2003) , who considered a porous medium in the thermal equilibrium condition including heat generation in both the fluid/solid phases. In addition, the author presented the values of heat flux when there was no heat generation inside the phases. In order to have thermal equilibrium, we omitted the heat generation in the solid phase and assumed that eff k had a large value. Then, the results obtained can be compared with Bagai (2003) 
RESULTS AND DISCUSSION
The present model can be employed for various values of λ for a vertical heated plate in a porous medium. As presented in Table 2 , different values of k eff are considered and the related heat flux, i.e., q * , is reported. The results obtained showed that, upon increasing the fluid-to-solid conductivity ratio, i.e., k eff , the surface heat flux is decreased.
As presented in the similarity equations, the value of λ=0 is related to a constant temperature of the surface. As the value of λ increases, the heat transfer rate, denominated by q * , is also increased. This is obviously related to the definition of the temperature difference, ΔT w , present in Eq. (33). As indicated in this equation, increasing the value of λ leads to an increase in the value of the surface temperature and therefore clearly affected the heat transfer to the working fluid. The definition of k eff in the governing equations clearly reflects the effects of the two phase approach in our simulation, which was not introduced in the work of Cheng and Minkowycz (1977) .
The values of heat flux, q*, as a function of k eff are shown in Figure ( 3) for different values of λ. The results are related to three geometries, i.e., vertical plate, horizontal cylinder and sphere.
According to the results obtained, it is found that, in all geometries, the dimensionless local heat flux increases with eff k for various values of λ. As shown in Figure (3 , where r is the radius of the cylinder, and x is distance from the stagnation point. As shown in this figure, there is a maximum (or minimum) value for the surface heat flux (q*) when the temperature of the body is not constant ( 0. λ ≠ ). This extremum location is strongly related to the values of the fluid-to-solid conductivity ratio. Similarly, the results obtained for a hot sphere in a porous medium are shown in Figure ( 
CONCLUSION AND HIGHLIGHTS
The study of the natural convection flow and heat transfer from hot surfaces in a porous medium has been of considerable interest in energy-related engineering problems. This paper is concerned with the free convection heat transfer over an arbitrary hot surface in a porous medium. Mathematical derivation of a similarity solution for an arbitrary geometry in the heat transfer analysis is the main novelty of the present study. The equations obtained are solved and the local heat flux is presented for three types of shapes, i.e., vertical plate, horizontal cylinder and sphere. The present model can be employed for analysis of heat transfer induced by arbitrary-shape surfaces. 
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